In this study the hybrid filtration process (combining fibre filter with deep bed dual media filtration) was investigated as pre-treatment to stormwater. This process was investigated in-terms of reduction in turbidity, dissolved organic carbon (DOC), colour, headloss development across the filters, suspended solids removal, organic matter removal, nutrients and heavy matter (such as iron, copper, lead, zinc) removal efficiency. A comparison was made between the hybrid filter with single media (sand) deep bed filter and fibre filter. It was found that the hybrid filtration system successfully removed turbidity (98%), colour (99%), suspended solids (99%), and DOC (55%). The removal efficiency of heavy metal was relatively low as the concentration of heavy metals present in stormwater was low. The removal efficiency of nitrate, nitrite and phosphorous (as orthophosphate) was 27, 35 and 72% respectively. Hybrid filtration processes showed a better reduction of Modified Fouling Index (MFI) value (from 15.500 s/l 2 to 9 s/l 2 ) compared with single media sand, anthracite and fibre filter which were 35 s/l 2 , 13 s/l 2 and 14 s/l 2 respectively when operated at FeCl 3 dose of 15 mg/l.
INTRODUCTION
Stormwater is the runoff from roof, road and paved surfaces, etc. from residential, commercial, and other urban areas.
Impervious surfaces accumulate pollutants deposited from the atmosphere, leaked from vehicles, or windblown in from adjacent areas. During storm events, these pollutants quickly washed off, and are rapidly transported to downstream waters. Pollutants discharged in stormwater are largely uncontrolled. Pollution problems associated with land use and development encompass typical pollutants such as pesticides, fertilizers, and petroleum products. A further problem stemming from residential, commercial, and industrial land uses is the higher volume of runoff because of the higher percentage of impervious area.
Deep bed filtration often referred to as media filtration or rapid filtration has been widely used for water treatment as a final clarification unit to remove particles. Deep bed filtration is an effective process in removing particles of various nature and sizes that are present in water and wastewater. Typically, media filters remove particulate solids which are 0.1 -1,000 mm (Tansel & Vilar 2005) .
Chemical pre-treatment with particle destabilization is the most significant factor for improving the quality of the filtered water. In this process typical coagulation sedimentation filtration process is applied to treat surface water.
Past studies indicated that flocculation of biologically treated waste led to a TOC removal efficiency of 60-70%, COD removal efficiency of 77-99%, total suspended solids of 80 -90% and bacteria removal of 80-90% when alum and ferric chloride were used as coagulants (Tchobanoglous & Burton 1991; Al-Malack & Anderson 1996; Abdessemed & Nezzal 2002; Shon et al. 2004 Shon et al. , 2005 Guida et al. 2007 ).
An investigation on the implication of the flocculation step showed that in-line flocculation was found to have similar removal efficiencies at significantly shorter hydraulic retention times compared to conventional flocculation (two stage and one stage paddle flocculation; Leiknes 2009 ). The use of doi: 10.2166/wst.2010.567 in-line flocculation has some advantages such as production of smaller (filtrable or pin-point) flocs that can be intercepted by a filter media. This eliminates the use of preliminary sedimentation allowing for an economical design and operation.
A high rate filter system is economical and can be used as a pre-treatment. A high rate fibre filter was developed in Korea and its high efficiency in the tertiary treatment of wastewater was proved in terms of high filtration velocity and good removal of particulate matter.
In place of the sand, fibre media consisting of bundles of U-shaped fine polyamide fibres may be used. Compared with the conventional rapid sand filter, the filtration velocity of fibre filter is more than 20 times and the specific surface is more than twice (Lee et al. 2006 (Lee et al. , 2008 .
The fibre packing combines the two advantages of a large specific surface area and very large porosity (more than 90%) which results in high removal efficiency and low pressure drop despite the high filtration velocity (Lee et al. 2006 . The fibre filter was chosen in this study to accommodate high flow of water in short time which is the case in storm events. The fibre filter is very compact due to high filtration velocity. Previous study of the authors showed that fibre filter alone does not provide good effluent quality ( Johir et al. 2009a,b,c) . A hybrid filter system consisting of fibre filter followed by deep bed filter provides superior effluent quality, while reducing pollution load to second stage filter. The result of contact filter as a single stage filter gave rise to a higher headloss development ( Johir et al. 2009a,b,c) . Similarly the fibre filter alone does not provide good effluent quality. One the other hand, the hybrid filter gave rise to superior performance with relatively lower headloss for the deep bed filter.
In this study, the efficacy of hybrid filtration system 
MATERIALS AND METHODS

Stormwater
The stormwater collected from a canal at Carlton in Kogarah, Sydney had the following physical and chemical characteristics ( Table 1) :
Physical properties of sand and anthracite
The anthracite and sand were used to pack the filter column during deep bed filter experiments. These media were Riversands P/L respectively and their properties are given in Table 2 .
Hybrid pre-treatment systems was run at filtration velocities of 10 m/h. The filters were operated for 5 hours. Although both filters were run for a short period of time, they were run until they required backwashing. Thus, the results will be representative and similar to long term data as after each backwash, the filter media will be clean and will follow same cycle of results.
To of Equation (1) (Boerlage et al. 1997 (Boerlage et al. , 1998 .
where V ¼ total permeate volume (l); R m ¼ membrane resistance (1/m); t ¼ filtration time (s); DP ¼ applied trans-membrane pressure (N/m 2 ); h ¼ water viscosity at 208C (N s/m 2 ); a ¼ specific resistance of the cake deposited (m/kg); C b ¼ concentration of particles in feed water (mg/l); A ¼ membrane surface area (m 2 ).
Water sample analysis
Raw water and treated water samples were collected from the inlet and outlet pipe for each experiment for detailed laboratory analyses. The pollutants analysed were Heavy Table 3 .
RESULT AND DISCUSSION
Headloss Figure 2(a) ). On the other hand, headloss development through the dual media filter (as post treatment of fibre filter) was 10, 16, 22, and 28 cm at FeCl 3 doses of 0, 5, 10 and 15 mg/l respectively (Figure 2(b) ). It was found that the headloss development was high (28 cm in 5 After filtration, the turbidity reduced to 0.22 -0.33 NTU.
Hybrid filtration with a FeCl 3 dose of 15 mg/l showed best removal of turbidity (98%) (Figure 2(d) ).
Suspended solids and colour removal
This process effectively removed almost all the suspended solids and colour from stormwater. The suspended solids and colour removal efficiency were between 87 -98% and 90-99% respectively. The highest suspended solids and colour removal efficacy were found to be 98% and 99%
respectively when this filtration process operated with a FeCl 3 dose of 15 mg/l.
Organic matter (OM) removal
To evaluate the efficiency of hybrid filtration system in removing organic matter present in storm water, high From the Figure 3 it is found that hybrid system was effective in removing organic matter (especially larger molecular weight of 27,500 Da) and its removal increased marginally with larger flocculant doses. The hybrid filter operated at a FeCl 3 dose of 15 mg/l showed better removal of organic matter (Figure 3 ). After filtration the pH of filtrate water was between 7.0-7.45 which means that the filtrate water was almost neutral in nature.
Nutrients and heavy metal removal
MFI
MFI was calculated to evaluate the fouling reduction capability of hybrid filtration system if microfiltration is used as a pre-treatment. The MFI of raw water were 15,500 s/l 2 (Table 5 ). After filtration with the hybrid system the MFI values reduced to 9 -400 s/l 2 (from 15,500 s/l 2 ) ( 
CONCLUSION
The effect of hybrid filtration process (combining fibre filter with deep bed dual media filtration process) were investigated as a pre-treatment to stormwater. The following are the conclusions derived from the study. were 80 -98%, 87 -98%, 90 -99%, 10-60% respectively depending on the flocculation dose. Hybrid filter effectively remove larger molecules of organic compound. The removal efficiency of nitrate, nitrite and phosphorous was 18 -26%, 19 -35% and 26 -70% respectively. † Compared to dual media deep bed filter and fibre filter as a stand alone pre-treatment, hybrid filter showed better fouling reduction in terms of MFI values. The MFI value for hybrid system was 9 s/l 2 , whereas for sand, anthracite and fibre filter was 35, 13 and 14 s/l 2 respectively. This result indicates that hybrid filter with in-line flocculation is an attractive pre-treatment to stormwater.
